We demonstrate super-resolution imaging and readout of solid state defect centers. Multiple nitrogen vacancy centers within 130 nm are resolved. Simultaneous control sequences are performed to demonstrate protection of nearby NV states during readout.
Introduction
A central goal in quantum information science is to establish entanglement across multiple quantum memories in a manner that allows individual control and readout of each constituent qubit. This capability is critical for implementing quantum error corrected codes, but is also useful for generalized quantum computing algorithms. While optical entanglement gates [1] between distant memories have been demonstrated [2] , these are generally lossy and probabilistic. More efficient entanglement gates, for example based on spin-spin [3] coupling, demand physical co-location between the qubits involved, often below the diffraction limit, demanding super-resolution control and readout.
Solid state defect centers have emerged as a leading candidate for applications in quantum information. In particular, the negatively charged nitrogen vacancy (NV) center in diamond has shown great promise as a quantum memory [3] . One weakness of NV centers is their large (∼10-100 GHz scale) inhomogeneous distribution, which stems from sensitivity to differences in the local electric field environment, often induced by native lattice strain [4] . While this can present a barrier to optical entanglement protocols, it can be turned into a resource by allowing individual resonant excitation of multiple distinct NV centers within a diffraction limited spot. Here, we make use of this feature to demonstrate spatial resolution of multiple NV centers that are located within 130 nm of one another. Furthermore, we demonstrate that the readout technique leaves the quantum states of other co-located centers unperturbed.
Super-Resolution Localization
We perform confocal microscopy on NV centers in a polycrystalline diamond. The natural grain boundaries of this diamond provide a high-strain environment that increases the inhomogeneous broadening. Under 532 nm (aboveband) excitation, we find diffraction-limited clusters of NVs, like that shown in Figure 1a , confirmed by second-order correlation measurements. Performing resonant photo-luminescence excitation (PLE) on this cluster (Fig. 1b) , we see numerous distinct zero phonon line (ZPL) transitions. By raster scanning the PLE measurement with a resonant laser set to one of these ZPLs, we can preferentially induce fluorescence from a single NV center, allowing us to resolve its location (Fig. 1c) . Fitting the resultant image with a Gaussian point-spread function and taking the 95% confidence interval on the fit center to be the localization precision, we find a mean precision of 2.1 nm. Repeating this for each ZPL allows us to resolve all three NV centers in this cluster as shown in Figure 1d .
Individual Readout
This technique also allows individual readout of single NVs in a cluster while preserving the state of nearby qubits. We demonstrate this with the pulse sequence shown in Figure 1e , where we perform simultaneous control sequences on two NVs with different lattice orientations within a cluster. Gold striplines allow us to apply microwaves, and an applied magnetic field splits the microwave (MW) frequency spin resonances of the different NVs. The NVs are initialized with a 532 nm pulse. Then, the first NV's spin is coherently driven for a time τ, and the first π/2 MW pulse of a Ramsey sequence is performed on the second NV. While the second NV is in this phase-sensitive superposition state, the state of the first NV is read out resonantly. After a total precession time τ, the second π/2 MW pulse of the Ramsey sequence is completed, and the states of both NV centers are read out with a 532 nm pulse. The results are shown in Figure 1f . We find that the results of this Ramsey match that of a separately taken Ramsey (with no individual readout) to within fit precision, indicating that readout of the first NV does not affect the state of the second NV.
In conclusion, we have demonstrated a technique for addressing multiple NV centers below the diffraction limit that can be used both for super-resolution localization and individual readout. When combined with existing techniques for entangling NV centers with ancilla nuclear spins [5] and single-shot readout [6] , this provides a viable path forwards towards creating error-corrected logical qubits comprised of multiple physical qubits.
